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KEYWORDS Abstract Superhydrophobic nanocellulose membrane was prepared by synergistically modifying
IH,1H,2H,2H-perfluorooctyl biodegradable nanocellulose with low-carbon perfluoroorganosiloxane and ethyl orthosilicate.
trimethoxysilane; The effects of four kinds of low-carbon perfluoroorganosiloxanes with different structures and their
Ethyl orthosilicate; ratio to ethyl orthosilicate on the hydrophobic properties of nanocellulose membrane were investi-
Superhydrophobicity; gated, and then FT-IR, XPS, XRD, SEM, TEM, AFM, TG and contact angle goniometer were
Nanocellulose membrane used to characterize the structure and hydrophobic properties of nanocellulose membrane before

and after modification. It is found that when the molar ratio of 1H,1H,2H,2H-perfluorooctyltrime
thoxysilane (PFOTMS) to ethyl orthosilicate (TEOS) is 1, the modified nanocellulose membrane
PFOTMS-TEOS-CNF is loaded with silica nanoparticles both inside and on its surface, and a
micro-nano hierarchical rough morphology with low surface energy is constructed. At this point,
the root-mean-square roughness (Rq) of nanocellulose membrane is 112 nm, and the static contact
angle of water droplet is 153.5°, successfully realizing superhydrophobicity. In addition, compared
to unmodified nanocellulose membrane, PFOTMS-TEOS-CNF with better thermal stability
includes an additional maximum weight loss rate temperature (491.2 °C). The above advantages
markedly improve the shortcomings of pristine nanocellulose, such as superhydrophilicity and
insufficient thermal stability, and also broadens its high-value application in many fields.
© 2022 The Author(s). Published by Elsevier B.V. on behalf of King Saud University. This is an open
access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

The development and application of renewable biomass resources is of
great significance to green and sustainable chemistry. Cellulose, as the
most abundant, green and renewable biomass resource in nature, can
be treated by physical and chemical processes to obtain nanocellulose
with higher application value (Panchal et al., 2019; Kim et al., 2015).
Compared with cellulose, nanocellulose has wider applications due
to its nano-size effect, high elastic modulus, high mechanical strength,

£ 8 biocompatibility, regeneration, and degradability (Panchal et al., 2019;
ELSEVIER Production and hosting by Elsevier Kim et al., 2015; Jonoobi et al., 2015; Liu et al., 2018; Xie et al., 2019).
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In recent years, a series of novel nanocellulose-based composites with
excellent properties have been developed in the fields of polymer mate-
rials (Li et al., 2020; Spinella et al., 2015; Xu et al., 2013; Xu et al.,
2013), biomedicine (Dai and Si, 2019; Si and Xu, 2020; Jorfi and
Foster, 2015; Si, 2019; Yang and Cranston, 2014), oil-water separation
(Yang and Cranston, 2014; Bashar et al., 2017), and electronic devices
(Kafy et al., 2016; Sadasivuni et al., 2015; Wang et al., 2016; Wang and
Huang, 2021). However, nanocellulose has strong hydrophilic proper-
ties due to a large number of hydroxyl groups inherent in the structure,
which largely limits its application in many practical fields. Therefore,
to solve the problems, superhydrophobic modification of nanocellulose
is necessary. Moreover, two conditions must be met to realize this pur-
pose of superhydrophobicity (Wang and Jiang, 2007; Song and Rojas,
2013), one is the construction of a micro-nano rough surface structure,
which is mainly based on the Wenzel and Cassie-Baxter model theory
(Wenzel, 1936; Cassie and Baxter, 1944), and the other is the decrease
of surface energy (Cheng et al., 2015).

At present, the research on nanocellulose-based superhydrophobic
materials mainly includes three categories (Sun et al., 2021),
nanocellulose-based superhydrophobic coatings (Tang et al., 2021;
Liu et al., 2016), nanocellulose-based superhydrophobic membranes
(Li et al., 2021; Zhang et al., 2019), and nanocellulose-based superhy-
drophobic aerogels (Hasan et al., 2019; Zuo et al., 2019; Chen et al.,
2020). Among them, nanocellulose-based superhydrophobic mem-
branes have recently attracted increasing attention and have become
a research hotspot, and two kinds of methods have been developed
for preparing the superhydrophobic membranes (Li et al., 2021;
Wang et al., 2020; Shi et al., 2019; Ioannis et al., 2015; Baidya et al.,
2017; Musikavanhu et al., 2019; Pegah et al., 2018). The first method
is using organosilane compounds such as (1H,1H,2H,2H-perfluorode
cyltrimethoxysilane, 1H,1H,2H,2H-perfluorodecyltrichlorosilane) to
chemically modify nanocellulose, and then getting superhydrophobic
nanocellulose membrane by spraying or vacuum filtration. However,
C8 perfluorocompounds (including —(CF,),CF3) involved in this
method are difficult to degrade in the environment and have been com-
pletely banned internationally. Another method is by mixing nanocel-
lulose with functionalized nanoparticles to build a rough surface
structure to enhance the hydrophobicity of the membrane, and then
by impregnating, spraying or chemical vapor deposition to graft low
surface energy silane compounds onto the surface of the membrane
to achieve superhydrophobicity. However, the complex preparation
process, high equipment and environmental protection requirements
greatly limit the popularization and application of the above two meth-
ods. Therefore, it is highly necessary to develop a simple, green and
efficient method for the preparation of nanocellulose-based superhy-
drophobic membrane.

In this work, a facile method for the preparation of nanocellulose-
based superhydrophobic membrane was developed. Nanocellulose
emulsion was used as starting material, and low-carbon perfluo-
roorganosiloxane was used as modification reagent to reduce the surface
energy, with simultaneous addition of ethyl orthosilicate for pre-
hydrolysis. The modified nanocellulose mixed solution was prepared
by a one-pot method, and then the superhydrophobic nanocellulose
membrane was obtained by vacuum filtration, drying and solidification.

2. Experimental section

2.1. Reagents

Nanocellulose emulsion (CNF, 1 wt%) was purchased from
Jinjiahao green nanomaterials Co., Ltd.; 1H,1H,2H,2H-per
fluorooctyltrimethoxysilane (PFOTMS, 97%), (1,1,2,2-Tetra
hydrononafluorohexyl)trimethoxysilane (NFHTMS, >97%),
trimethoxy(pentafluorophenyl)silane ~ (PFPTMS, >97%),
3,3,3-(trifluoropropyl)trimethoxysilane (TFPTMS, >96%)
and ethyl orthosilicate (TEOS, 99.99%) were purchased from

Shanghai Macklin biochemical technology Co., Ltd.; glacial
acetic acid (AR) was purchased from Xilong scientific
company.

2.2. Preparation of superhydrophobic nanocellulose membrane

30 mL of nanocellulose (CNF) emulsion was added to a three-
necked flask with a condenser and a thermometer, and then the
emulsion was heated up to 60 °C under vigorous stirring.
Afterwards, 2 mmol of low-carbon perfluoroorganosiloxane
and a certain amount of ethyl orthosilicate were added drop-
wise, and glacial acetic acid was added to adjust the pH value
(until pH = 4). After reacting for 6 h, the mixture was cooled
to room temperature, and then a certain amount of the resul-
tant mixture was poured into a sand core funnel for the vac-
uum filtration, and then a wet nanocellulose membrane was
obtained. Finally, the wet membrane was placed in an oven
at 100 °C for 24 h to get the superhydrophobic nanocellulose
membrane. The schematic diagram of PFOTMS-TEOS-CNF
membrane fabrication was shown in Scheme 1.

2.3. Characterization of samples

Fourier transform infrared spectroscopy (FTIR) of samples
were recorded using an infrared spectrometer (Nicolet Is50,
Thermo Fisher Scientific Co., Ltd.) in the wavenumber range
of 4000-400 cm™'; The surface morphology of membranes
were observed using a field emission scanning electron micro-
scope (SU8010, Japan Hitachi Co., Ltd.) with the extra-high-
tension (EHT) of 5.00 kV, while the samples were sputtered
with a layer of Au before observation; Water contact angle
(WCA) of membranes were measured using a contact angle
goniometer (DSA30S, Kruss Scientific Instrument Co., Ltd.)
with the deionized water droplet volume of 2 puL; The pyrolysis
behaviors of samples were tested using a thermogravimetric
analyzer (TGA2, Mettler-Toledo, Switzerland) with the tem-
perature range of 30—600 °C at a heating rate of 10 °C/min
under nitrogen atmosphere; Scanning within a 20 range of 5—
70°, X-ray diffraction patterns were obtained using an X-ray
diffractometer (XRD-6100, Shimadzu, Japan) at a voltage of
40 kV, a current of 30 mA and a scan speed of 5°/min using
Cu Ko radiation (A = 0.154178 nm); The surface chemical
composition and chemical bonding information of membranes
were obtained by using a X-ray photoelectron spectrometer
(K-Alpha, Thermo Fisher Scientific); The surface roughness
of membranes were measured with a tapping mode by using
a atomic force microscope (SPM-9700, Shimadzu, Japan);
The micromorphology of cross section of the membranes were
observed using a transmission electron microscope (JEM-
2100F, JEOL, Japan) with an acceleration voltage of
200 kV, while the samples were pretreated by using
ultrathin-section method before observation.

3. Results and discussion

3.1. Optimization of the selection of low-carbon
perfluoroorganosiloxane

According to the preparation method of 2.2, four kinds of low-
carbon perfluoroorganosiloxanes (PFOTMS, NFHTMS,
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PFPTMS and TFPTMS) were used to modify nanocelluloses
to prepare four membranes without adding ethyl orthosilicate
and glacial acetic acid, which were denoted as PFOTMS-CNF,
NFHTMS-CNF, PFPTMS-CNF and TFPTMS-CNF, respec-
tively. Contact angle goniometer and scanning electron micro-
scope were used to investigate the water contact angle and
surface microstructure of the samples, and the results are
shown in Figs. 1 and 2, respectively. It is found that
PFOTMS-CNF and PFPTMS-CNF display good hydropho-
bic properties with water contact angles of 132.2° and
126.6°, respectively, which mainly results from the existence
of cross-linking between PFOTMS/PFPTMS and nanocellu-
lose to make the formation of compact membrane (as shown
in SEM images). At the same time, the introduction of
fluorine-containing groups reduces the surface energy of mem-
brane (Cardellini et al., 2021; Joseph and Ellen, 2021). As for
NFHTMS-CNF and TFPTMS-CNF, the water contact angles
are respectively 89.8° and 15.3°, and the surfaces are hydrophi-
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Fig. 1  Contact angles of the prepared samples.
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lic. Moreover, it can be seen from Fig. 2c—e that the surface
structure of the modified samples is almost unchanged com-
pared with that of CNF. Therefore, considering cost and per-
formance, PFOTMS is finally determined to be the
modification monomer.

3.2. Optimization of TEOS:PFOTMS molar ratio

According to the preparation method of 2.2, a series of
hydrophobic nanocellulose membrane samples (PFOTMS-
TEOS-CNF) were prepared by using PFOTMS as modifica-
tion reagent, and the molar ratio of TEOS to PFOTMS was
optimized. The static contact angle of water droplets and the
macroscopic state of the surface of membrane were observed,
and the results are shown in Table 1. The photographs and
contact angle test pictures of samples are shown in Fig. 3. It
is found that, when n (TEOS: PFOTMS) < 1, the water con-
tact angle of the modified nanocellulose membrane gradually
increases with the increasing amount of TEOS. When n
(TEOS: PFOTMS) = 1, the modified nanocellulose membrane
displays superhydrophobic property with a water contact
angle of 153.5°, at which the surface of the sample is smooth.
When n (TEOS: PFOTMS) = 1.25, the water contact angle is
156.9°, and the membrane still maintains superhydrophobic
property, but the surface of the membrane is rough with some
bulges. When n (TEOS: PFOTMS) = 1.5, the water contact
angle is decreased to 143.4°, and the surface is rough and
peeled off. Therefore, the generated silica will not be fully
loaded on the nanocellulose with excess amount of TEOS,
and the excess silica would cause bulge or falling off. So the
molar ratio of TEOS to PFOTMS was determined to be 1,
and all the PFOTMS-TEOS-CNF membranes in the following
paragraphs refer to samples prepared under such condition.

3.3. IR spectra analysis

Infrared spectroscopy was used to characterize and analyze the
changes of functional groups before and after modification of
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Fig. 2 SEM images of (a) PFOTMS-CNF, (b) PFPTMS-CNF, (c) NFHTMS-CNF, (d) TFPTMS-CNF, (e) CNF.

Table 1 Variation of the contact angle and surface macro-
scopic state of the membranes with the molar ratio of n (TEOS:
PFOTMS).

n (TEOS: PFOTMS)

Contact angle (°)  Macroscopic State

0 1322 £ 1.0 Smooth

0.75 1453 £ 0.5 Smooth

1 153.5 £ 0.6 Smooth

1.25 156.9 + 1.6 Rough and bulged
1.5 143.4 + 2.1 Rough and peeled off

the nanocellulose membrane (Fig. 4). It can be seen that the
spectra have obvious differences, the characteristic absorption
peak of nanocellulose at 3335 cm™' for the O—H stretching
vibration is significantly weakened after modification, indicat-
ing that most O—H groups of nanocellulose has undergone the
modification reaction. The C—O—C stretching vibration
absorption peak of the nanocellulose at 1034 cm™' shows a
bule shift after modification (Zuo et al., 2019), that is because
the introduction of electron-withdrawing perfluorinated

groups has reduced the electron density of the nanocellulose
skeleton structure. Moreover, the characteristic absorption
peaks in the range of 10341545 cm™! are partially overlapped
before and after modification. The absorption peaks of CNF
are mainly attributed to the stretching vibrations of C—OH
and C—C and the bending vibrations of O—H and C—H (Le
et al., 2016), while the absorption peak of modified CNF is
attributed to the stretching vibration of CF,, CF;, Si—O—Si
(Zuo et al., 2019; Gao et al., 2020; Jiang et al., 2021). Besides,
the newly added characteristic peaks in the range of 560-
804 cm ! and the characteristic peak at 436 cm ™' are assigned
to silica, which are mainly attributed to the stretching vibra-
tion of Si—C and Si—O—C (Le et al., 2016; Gao et al., 2020;
Jiang et al., 2021). Therefore, these results verify that a chem-
ical modification reaction occurs between PFOTMS, TEOS
and CNF.

3.4. XPS analysis

X-ray photoelectron spectroscopy (XPS) was used to charac-
terize the surface element composition of the nanocellulose
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Fig. 4 IR spectra of CNF and PFOTMS-TEOS-CNF.

membranes before and after modification. Fig. 5a shows the
XPS survey spectra of CNF and PFOTMS-TEOS-CNF, in
addition to C Is and O 1s characteristic peaks, the character-
istic peaks of F 1s, Si 2s, and Si 2p are observed at the binding
energies of 689, 154, and 102 eV, respectively, indicating that
the incorporation of F and Si elements for the PFOTMS-
TEOS-CNF. Fig. 5b, ¢, and d show the high-resolution XPS
spectra of F 1s, Si 2p, and C 1s of PFOTMS-TEOS-CNF,
respectively. Fig. Sc displays the peaks at 102.8, 102.1, and
101.5 eV, corresponding to Si—O, C—Si—O, and Si—C, respec-
tively. The five characteristic peaks at 294.3, 292.0, 288.3,

145.3°

153.5°

143.4°

Photographs and contact angle test pictures of samples, (Note: inset 132.2° contact angle test picture is a duplication of inset in

286.8, and 285.6 eV in Fig. 5d are assigned to CF;, CF,,
0—C—0, C—0, and C—C/C—H/C—Si (Pitkowski et al.,
2021; Giner et al., 2019; Chen et al., 2021), respectively. The
above results further demonstrate the successful modification
of PFOTMS and TEOS for nanocellulose.

3.5. XRD analysis

X-ray diffraction was used to characterize and analyze the
changes in the crystal phase structure of the nanocellulose
membrane (CNF) before and after modification (Fig. 6). It
can be seen that the CNF has the characteristic diffraction
peaks at 26 = 15.0, 16.5, 18.5 and 23.0°. And the modified
PFOTMS-TEOS-CNF has a new characteristic diffraction
peak at 20 = 26.6°, which is assigned to (422) facet of crys-
talline silica. While the characteristic diffraction peaks at
20 = 15.0°, 16.5° basically disappear and the characteristic
diffraction peaks at 20 = 18.5°, 23.0° obviously weaken, indi-
cating that the crystallinity of the modified PFOTMS-TEOS-
CNF significantly decreases, which is caused by the formation
and incorporation of crystalline silica and cross-linking reac-
tion between PFOTMS/TEOS and nanocellulose. All above
destroy the crystal structure of nanocellulose to some extent
and reduce its lattice order degree.

3.6. SEM and TEM analysis

Scanning electron microscopy was used to characterize and
analyze the changes in the surface microstructure of the
nanocellulose membranes before and after modification
(Fig. 7). Fig. 7a and b are the SEM images of the original
nanocellulose membrane, which displays a nanofibrillar struc-
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Fig. 6 XRD patterns of CNF and PFOTMS-TEOS-CNF.

ture, a relatively smooth surface, and a small number of nano-
pores. Fig. 6c and d show the SEM images of the modified
PFOTMS-TEOS-CNF membrane, it is found that the
PFOTMS-TEOS-CNF has a more obvious network structure
formed by interweaving of nanofibrils. There are a large num-
ber of nanopores in the framework, and a large number of
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(a) XPS survey spectra of the prepared samples, high-resolution XPS spectra of (b) F 1s, (c) Si 2p and (d) C 1s.

stacked silica nanoparticles evenly load on the surface, thereby
a porous hierarchical structure with a good micro-nano rough
surface is constructed. After modification, the surface mor-
phology of the membrane changes from the Wenzel model
state to the Cassie-Baxter model state, and the surface
hydrophobicity is significantly improved, as shown in Fig. 8.

The micromorphology of cross section of the superhy-
drophobic PFOTMS-TEOS-CNF membrane was character-
ized by TEM, while the sample was pretreated by using
ultrathin-section method before observation. The results are
shown in Fig. 9. It is found that the modified PFOTMS-
TEOS-CNF still retains the network structure of nanofibers,
and the fibers of PFOTMS-TEOS-CNF are decorated with a
large number of tiny silica nanoparticles. So combined with
the SEM results, it can be concluded that the modified
nanocellulose membrane PFOTMS-TEOS-CNF is loaded with
silica nanoparticles both inside and on its surface.

3.7. AFM analysis

Surface roughness is one of the most important factors affect-
ing the hydrophobicity of the membrane. Atomic force micro-
scopy was used to characterize and analyze the surface
roughness of PFOTMS-TEOS-CNF, PFOTMS-CNF, and
CNF membranes, as shown in Fig. 10. The root-mean-
square roughness (Rq) of PFOTMS-TEOS-CNF surface with
superhydrophobicity is 112 nm, and the water contact angle is
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200nm

Fig. 7 SEM images of (a, b) CNF and (¢, d) PFOTMS-TEOS-CNF. (Note: (b) is a zoom of central area of (a). (d) is a zoom of central

area of (c). (a) is a duplication of Fig. 2e.).

e

Fig. 8 Image of superhydrophobicity and contact angle test of
PFOTMS-TEOS-CNF. (Note: inset 153.5° contact angle test
picture is a duplication of inset in Fig. 3.).

153.5°. The root-mean-square roughness (Rq) of PFOTMS-
CNF with hydrophobicity is 10 nm, and the water contact
angle is 132.2°. The root-mean-square roughness (Rq) of the
unmodified CNF is 45 nm, and it is highly wettable with the
water contact angle of 13.3°. The surface roughness order of
the three samples is: PFOTMS-TEOS-CNF > CNF > PFOT

MS-CNF, which is consistent with the SEM images. Above
results show that PFOTMS-CNF modified by single PFOTMS
has good hydrophobicity because of its low surface energy, but
the roughness is not enough to achieve superhydrophobicity.
However, PFOTMS-TEOS-CNF modified by PFOTMS and
TEOS both have low surface energy and good roughness, so
its superhydrophobic performance is achieved.

3.8. TG analysis

Thermogravimetric analyzer was used to characterize the ther-
mal stability of the nanocellulose membrane before and after
modification, Fig. 11a and b are the TG and DTG curves,
respectively. It can be seen that with the increase of tempera-
ture, CNF undergoes a rapid thermal decomposition weight
loss process at 240 °C, and the maximum weight loss rate
occurs at 339.5 °C, and then it tends to slow thermal decompo-
sition after 390 °C. The same phenomenon is observed in the
temperature range of 240-390 °C for PFOTMS-TEOS-CNF,
which indicates that thermal weight loss at this stage mainly
results from the decomposition of a small amount of unmodi-
fied CNF (Le et al., 2016; Abraham et al., 2011; Liu et al.,
2016). Combined with the DTG results, the thermal behavior
of the modified PFOTMS-TEOS-CNF has undergone signifi-
cant changes with two maximum weight loss rate tempera-
tures: 339.5 and 491.2 °C, and also it is found that the rapid
thermal decomposition process still occurs after 390 °C. The
thermal stability of PFOTMS-TEOS-CNF is significantly
improved, which further indicates that most of the hydroxyl
groups on the nanocellulose are modified to form a certain
degree of chemical cross-linking.
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Fig. 10 2D and 3D AFM images of (a/a’) PFOTMS-TEOS-CNF, (b/b’) PFOTMS-CNF and (c/c’) CNF.(Note: insets 153.5° and 132.2°
contact angle test pictures are duplications of inset in Fig. 3 and Fig. 1 respectively.).
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4. Conclusions

In conclusion, the superhydrophobic nanocellulose membrane was
successfully prepared by using both low-carbon perfluoroorganosilox-
ane and ethyl orthosilicate as modification reagents with a one-pot
method. PFOTMS was screened as the low-carbon perfluo-
roorganosiloxane modification monomer. When the molar ratio of
TEOS to PFOTMS is 1, the water contact angle of the prepared mod-
ified nanocellulose membrane PFOTMS-TEOS-CNF reaches 153.5°,
and superhydrophobic property is achieved. The modified nanocellu-
lose membrane PFOTMS-TEOS-CNF retains the crystalline network
structure of nanocellulose and loads a large amount of silica nanopar-
ticles both inside and on its surface. In the work, PFOTMS is respon-
sible for the decrease of surface energy, and TEOS is responsible for
formation of silica nanoparticles to construct a micro-nano rough sur-
face structure, which synergistically create the typical rough surface
with low surface energy to obtain superhydrophobicity, while the
water droplet is in a Cassie-Baxter state on the membrane surface. Fur-
thermore, PFOTMS-TEOS-CNF displays better thermal stability
compared with CNF. The prepared superhydrophobic nanocellulose
membrane is a promising candidate for the superhydrophobic environ-
mental protection composite materials, which will greatly expand its
potential applications in the areas of self-cleaning, energy storage,
and waterproof packaging materials.
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